
Calhoun 

imU'uiioiu! A Kim of die Nav.il Po<ic^rdduacc School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 



Theses and Dissertations 


1. Thesis and Dissertation Collection, all items 


1958 

A nuclear magnetic resonance device for 
classifying grounded mines 

Armstrong, John E. 

Monterey, California. Naval Postgraduate School 


http://hdl.handle.net/10945/36594 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 

Downloaded from NPS Archive: Calhoun 



DUDLEY 

KNOX 

LIBRARY 


http ://w w w. nps.edu/lEbrary 


Calhoun is the Naval Postgraduate Sc hoof's public access digital repository for 
research mate hate and institutional publications created by tire NPS community, 
Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 
appointed — and published — scholar^ author. 

Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Cirde 
Monterey, California USA 93943 



% 


1 NAVAL 


POSTGRADUATE SCHOOL 

Monterey, California 


\ 

rt' 

I 




A NUCLEAR MAGNETIC RESONANCE 
DEVICE FOR CLASSIFYING GROUNDED MINES 
* * * * * 

John E. Armstrong 


1958 


. 


Thesis 

A7146 


Apptwvzd. faoK pubtic tvzJLza&li dut/ubution untimit&d. 



c 

r 







j?3?7 


UNCLASSIFIED 

UNITED STATES 

NAVAL POSTGRADUATE SCHOOL 

.luasiftuition ccnooll.o<\ ot 

UNCLASSIFIED - 

CWi.. „££*, .y» 

-— ?/*>/?*_ 

^Stguaturo) £'A*jj!£i e ~_ 

_ ra 

8« ffovftl Postgraduate «>s. v bol. 


THESIS 



sritir of 






A NUCLEAR MAGNETIC RESONANCE 
DEVICE FOR CLASSIFYING GROUNDED MINES 

***** 

John E. Armstrong 


UNCLASSIFIED 



























i 

%* 


CQNFJSBNTIAI^ 



A NUCLEAR MAGNETIC RESONANCE 
DEVICE FOR CLASSIFYING (HOUNDED MINES 


* * * * * 






John E. Armstrong 

if 

0 - 



! |-^4 I 







om¥i&ssfffa: 






J. 


A NUCLEAR MAGNETIC RESONANCE 
DEVICE FOR CLASSIFYING GROUNDED MINES 


by 

John E.^Armstrong 
Lieutenant, United States Navy 

* 




Submitted in partial fulfillment of 
the requirements for the degree of 


MASTER OF SCIENCE 
IN 

ENGINEERING ELECTRONICS 


United States Naval Postgraduate Sohool 
Monterey, California - 


19 5 8 





'CONFIDENTIAL 



A NUCLEAR MAGNETIC RESONANCE 




DEVICE FOR CLASSIFYING GROUNDED MINES 
by 

4 

John E # Armstrong 


This work is accepted as fulfilling 

\ 

the thesis requirements for the degree of 
MASTER OF SCIENCE 
IN 

ENGINEERING ELECTRONICS 

from the 

United States Naval Postgraduate Sohool 




$ 


ABSTRACT 

This thesis is a study of the feasibility of classifying submerged 
mines by means of a nuclear aagnetio resonance devioe whioh observes the 
gradients in the perturbed magnetio field of the earth in the vioinity 
of the mine* 

The author*8 work on this project was accomplished at Varian 
Associates Instrument-Research Laboratory in Palo Alto* California* 
during the period January to March, 1958, while a student in the 
Engineering Eleotronios curriculum at the U. S* Naval Postgraduate Sohool, 
Monterey, California* 

The idea for this means of classifying mines originated with 
Dr* Martin E, Packard of Varian Associates* 

The author wishes to express his appreciation to Dr* Paokard, and 
Messrs* Dolan Mansir and John Drake of Varian Associates, and to 
Professor Carl E. Menneken of the U. S. Naval Postgraduate Sohool for 
their help, suggestions and enoouragement* 
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1* Introduction. 

Presently operational mine-deteoting eonar oannot distinguish with 
any degree of certainty between an aotual mine and a non-mine which gives 
echoes similar to a mine* Sinoe it is obviously desirable to be able to 
distinguish a mine from a rook, mound, sunken wreckage, steel barrel, eto., 
a means of classifying suoh sonar contacts is one of the present needs of 
the Fleeto 

If sonar of high enough resolving power were available to determine 
the physical shape of the contact, the oontaot oould be classified by 
this means. Any other devioe that oould determine the shape of the 
unknown object oould also be used to classify it as a mine or a non-mine. 

In plaoe of the technique of high resolution sonar to determine the shape 
of the objeot, the possibility of detecting its shape by detecting the 
pattern of the magnetic field gradient around it has been suggested.^ 

The earth's magnetic field is constant at any given instant over a portion 
of spaoe comparable to the volume oooupied by a mine* If, however, the 
field is perturbed by the presenoe of the mine, it will no longer be a 
oonetant field but will possess gradients. A look at the gradients of 
the magnetio field in the vicinity of a sonar oontaot might give enough 
information to determine the approximate shape* 

t 

The thought of measuring the gradients around a mine to determine 
its shape, and a method of making these measurements originated with 
Dr* Martin B. Paokard of Varian Associates, Palo Alto, California* He 
found a method whereby the large gradients around a mine oould be 
observed by means of a free nuolear precession magnetometer* The free 
preoession magnetometer was developed by Varian, Paokard and Bowen^ 2 ^ 
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for measuring the magnitude of the earth’s magnetio field. It generates 
as its output an audio frequency whioh is proportional to the magnitude 


of the magnetio field in whioh the sensing element is looated. As the 
result of an "interrogation” of the instrument, an audio frequency output 
signal is generated whioh deoays exponentially in a few seoonds. 

(Figure la) The frequency of this audio signal must be measured before 
the signal dies out in order to determine the magnitude of the field. 

(This is not a oontinuous reading instrument, but gives single readings 
onoe every few seoonds.) 

A gradiometer had been developed previously by Varian whioh utilized 
the prinoiple of the free preoession magnetometer. This gradiometer 
measured the gradient of a magnetio field by means of two sensing elements 
looated a fixed distance apart. The magnitude of the magnetio field was 
measured simultaneously at both points and the difference in the readings 
divided by the distance between the two sensing elements gave the value 
of the gradient of the field. This gradiometer was for the purpose of 
measuring muoh smaller gradients than those enoountered near a mine so it 
oould not be used to measure the larger gradients present near a mine. 

The distance between its sensing elements was so large that the fine 
shape of field of non-oonstant gradient between the sensing elements 
oould not be detected. In addition, in a field of high gradient, the 
value of field oould change signifioantly from one side of a sensing 
element to the other and thereby "kill" the signal.^ - To measure the 
high gradients enoountered around a mine, a single element gradiometer 
was needed whioh would measure the ohange in field across the sensing 


^This effeot is discussed in Seotion 2f and on p 31 of Seotion 3. 
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Fiojure 1 Tcuo Examples of Free 
Nuclear Precession Signal from a 
Sample m a Gradient Field. 
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that the characteristic deoay time of the signal from an earth's field 
magnetometer was shortened considerably if a magnetio material was held 
near the single sensing element. (See Figure lb) The nearer the metal 
objeot was held to the sensing element, the shorter the deoay time beoame. 
This was attributed to the inoreased gradient of magnetic field near the 
metal. It is shown in Appendix I that the deoay time is related to the 
ohange in the magnitude of the magnetic field aoross the sensing element. 
This means that gradients large enough to give a significant ohange in 
field aoross a small sensing ooil could be measured by using a single 
sensing head and measuring the deoay time of the output signal. The 
value of gradients present around a mine are of about the right magni¬ 
tude to make the magnetometer a good prospeot as a measuring device of 
these gradients. The great need for a mine classifying devioe and the 
feoility with which the magnetometer oould be modified for this use made 
it seem worthwhile to investigate the feasibility of this method of mine 
olassifioation. 

If an operational system were built to classify sonar oontaots the 
information that would be required from the system would be simultaneous 
measurement of the values of the field gradient at several points around 
the oontaot. This oould be achieved with a modified version of a free 
nuolear precession magnetometer. Instead of one sensing element, it 
would be provided with several, arranged in a plane array in the water 
over the oontaot. (See Figure 2) Each sensing element would provide 
information to a display devioe whioh would produoe a visual display of 
the gradients at eaoh point in the array. This display might be, for 







(ft) Pl&n View 
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Figure 2* A Possible Arrangement for a Towed Array of 
Sensing Elements* 



Figure 3* A Cathode Ray Osoillosoope used for display of 

information from the towed array of sensing elements* 
An array of spots on the faoe of the soope would 
correspond to the physical array of sensing elements* 
The intensity of eaoh spot would be proportional to- 
the magnetic gradient at the corresponding sensing 
element* 
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instanoe, an array of spots on a oathode ray osoillosoope corresponding 

to the array of sensing heads, eaoh spot of intensity proportional to the 

magnetic field gradient at that point in the physical array. (See Figure 3) 
* 

This would have the effeot of presenting a mosaio pioture of the contact. 
The physical array of sensing elements oould be in the form of a matrix 
whose elements are, say, six to twelve inohes apart* The matrix oould con¬ 
tain, 'perhaps, 100 sensing elements and be towed behind a minesweeper in 
the fashion of regular sweep gear. If this matrix were towed across a 
sonar oontact whioh appears on sonar as a possible mine, the visual display 
of the magnetio gradients that the sensing matrix enoountered might pro¬ 
vide a quick evaluation of the oontact or at least provide information in 
addition to that obtained from the sonar, and permit a reduction in the 
number of oontacts that would have to be investigated further. It should 
be reiterated here for emphasis that this proposed devioe is for the pur¬ 
pose of classifying mines, not detecting them. 

A proposal by Varian Associates to the Bureau of Ships^ suggested 
a study in two parts of the feasibility of this method of olassifioation. 

The first part was a study as to whether the signature of a mine contained 

\ 

enough information to identify it, and the seoond part was the study and 
development of a system prototype for evaluation if the mine signature were 
found to be a feasible means of identifying mines. This thesis will be 
concerned with the first part of that study. 

The system whioh was proposed to the Bureau of Ships is built around 
a free nuolear preoession magnetometer. A better understanding of what 
follows will be obtained if a brief description of a free preoession 
magnetometer is presented. A more detailed explanation of the physioal 
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principles involved in the operation of a magnetometer will be found in 
the next seotion on Theory. A brief, qualitative description of the mag- 
netometer, follows here: 

Sinoe the formulation of the physioal oonoept of nuolear spin by 

Pauli, several devioes have been built whioh utilise this principle. The 

» 

free nuolear preoession magnetometer is one suoh instrument. The operation, 
of a free nuolear preoession magnetometer depends on the gyrosoope-like 
properly of free protons. This gyrosoope-like property results from the 
faot that eaoh proton spins about an axis through its oenter. In the oase 
of water, or -a light hydrooarbon, the presence of ionized hydrogen pro¬ 
vides free hydrogen nuolei, or, free protons. In a manner analogous to 
a foroe aoting on the spin moment of an ordinary gyrosoope and oausing it 
to preoess, the foroe of the earth's magnetio field aots on the magnetio 

i 

moment of the spinning protons and oauses them to preoess. The frequenoy 
of preoession in both the gyrosoope and the proton is direotly propor¬ 
tional to the magnitude of the force aoting on it. Therefore, if the 
frequenoy of proton preoession oould be measured, the magnitude of the 
foroe oausing the preoession, that is, the magnitude of the earth's 

i 

magnetio field, would be deteminedo 

In order to measure the frequenoy of proton preoession, many prdtons 
must be oaused to preoess coherently so that an effeot will be obtained 
whioh is large enough to observe. In the free nuolear preoession 
magnetometer, this ooherenoe of proton preoe-ssion is obtained as follows: 
The sample, suoh as water, containing free protons, is plaoed inside a 
ooil which is fed with a direot ourrent great enough to produce a statio 
magnetio field of approximately one hundred gauss inside the ooil. This 
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one hundred gauss field, about two hundred times the .magnitude of the 
earth's magnetio field, is strong enough to oause a large number of 
spinning protons to line up with their axes all pointing in the direotion 
of the one hundred gauss polarizing field* The ooil is oriented suoh 
that the polarizing field is approximately perpendioular to the earth's 
field. The direct ourrent in the coil is then out off abruptly and the 
polarizing field collapses* This leaves the earth's magnetio field 
present, and so the protons acted on by this force, begin to preoesa 
about the direction of the earth's magnetio fieldo Since the protons 
began this precession from the same starting position, they start out 
preoessing in phase. A large number of protons processing in phase in 
the sample is enough to induoe an audio voltage in the ooil surrounding 
the sample* This voltage varies at the frequenoy of preoession* The 
frequency is measured and converted into terms of field strength of the 
earth's magnetio field* The signal obtained has a shape like that shown 
in Figure 1. The audio frequenoy voltage is contained in an exponentially 
decaying envelope* The magnetometer is instrumented to measure this 
frequenoy before the signal dies out and thereby give a measure of the 
earth's magnetio once eaoh time the sample protons are polarized and per- 

p 

mitted to preoess* 
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2 . Theory. 

The method of operation of a free precession magnetometer and a 
method of adopting it to measure gradients may be deaoribed more fully 
by means of oertain physioal oonoepts. This seotion presents a resume 
of the pertinent physioal oonoepts whioh are used to provide a quantita¬ 
tive desoription of the operation of the magnetometer, 
a. Nuolear Spin 

The oonoept of nuolear spin was first suggested by Pauli. It oame 

5 

as the oulmination of a long searoh for a suitable theory to explain the 
presenoe of a hyperfine struoture observed in same of the speotral lines 
of many elements. The presenoe of these hyperfine jJines was assumed to 
be due to additional diorete energy levels in the atom, but the phenomena 
providing these additional energy levels oould not be disoovered. Then 
Pauli theorised that the nuclei of the atoms spin about an axis and there¬ 
fore possess an angular momentum 


a s 



( 1 ) 


where I is the "nuolear spin quantum number." 

The hyperfine lines oould then be explained by the energies possessed by 
the spinning nuclei. 

b. Nuolear Magnetio Moments ^ . 

The nuoleus has an angular momentum due to its spin. The spinning 
oharge of the nuoleus also gives it a magnetio moment. Methods have been 
developed to determine the value of nuolear magnetio moments. The nu¬ 
clear magnetio moment is expressed in terms of a "Nuclear Magneton." Mm 
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Then, analogous to Landed g faotor for electrons, a nuclear g faotor may 
be defined: 
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Nuclear Spin Angular Momentum in units of H 
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A similar definition is that of the gyrcmagnetio ratio, ^ p 
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Nuclear Magnetio Moment 
Nuclear Spin Angular Momentum 

JL 

Hi 


Therefore, the Nuclear Magnetio Moment, fJ. is given byt 

n = g I Mn = g I = Vp I-R 

r 4 TT Mo 


(4) 


(5) 


By Lamor's Theorem, a nucleus of magnetio moment jjl subjected to a con- 

mm M 

stant homogeneous field H will process about the direction of H with a 
frequency 
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So, for a known oonstant H, the value of ju can be determined by measuring 

the preoessional frequency, 7/ • One method termed the "Magnetio Re son- 
_ 1 

ance Method” developed by Rabi and his oo-workers depends upon resonance 
between the preoession frequency of the nuolear "magnet" about a oonstant 


I* Rabi, S. Millman, P. Kusoh, and R« Zaohariaa Phy Rev 53, 318 
(1938)| 66 626 (1939) 
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o. Nuolear Induction 

Very aoourate measurements of nuolear magnetic moments were made in 

f 3 ) 

1946 by Blooh, Hansen and Paokard v ' using a prooess oalled "Nuolear 
Induction." This was a significant modification of the magnetic resonanoe 
principle. A diagram of the apparatus they used is shown below: 



Figure 4. A Diagram of the Apparatus used in the Nuolear 

Induction Experiment by Blooh, Hansen and Paokard. 

A spherical sample of the material under investigation is placed between 
the faoes of a large magnet whioh provides a strong, homogenous, constant 
magnetic field in the Z-direotion. Many of the nuolear magnets will line 
up with this field* that is, they will preoess about the Z-direotion at 
the Larmor frequency, but eaoh proton will have a component of its 
magnetio moment, JJ in the direotion of S. Instead of dealing with 
mioroscopio quantities, it is possible to consider the sample as a para¬ 
magnetic substanoe having a large moment, M located at the center of 
the spherical sample. M also has a component in the Y-direotion, so a 
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Y-oomponent of magnetic flux exists. An emf will be induced in the re¬ 
ceiver ooil anytime the magnetio flux in the Y-direction ohanges. A flat 
coil in the Y-Z plane is fed by a high frequency generator thereby setting 
up an alternating magnetio field in the X-direotion. If the frequency of 
this field, H x , is far removed from the Larmor frequency, its action on 
the processing protons will be negligible because it quickly loses phase 
ooherenoe with the protons. But as the frequency approaches the Larmor 
frequency, will interaot more strongly with the processing protons 
and oause M to make a larger angle with the Z-direotion as it preoesses 
about S. This oauses a much larger change in magnetic flux in the 
Y-direotion, the flux change being greater as the high frequenoy field 
approaches the Larmor frequenoy and interaction beocmes stronger. There¬ 
fore the voltage induoed in the receiving ooil exhibits a resonance at 
the Larmor frequenoy. This aotion oan be described analytically as 
follows t 

If the fields existing are 

H x ! 2 Hj cos t 

Hy - 0 (7) 

H z s H c 

then let H be the resultant of H 0 and Hj 
If a - angular momentum 

T s Total torgue 

then s T (8) 

and T • (M x H) (9) 

where M is the macroscopic nuolear magnetio moment per unit volume. 
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(M x H) 


i S Vp (M x H) 
dt 
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( 11 ) 

( 12 ) 


This time variation of M results in a voltage being induced in the 

mm 

receiving ooil. It is seen that the nearer the angle between M and H 
approaches 90° the larger will be the voltage induced. Maximum voltage 
(or resonance) ooours when H is perpendioular to H (or approximately per¬ 
pendicular to H 0 ). 

. The' nuolear magnetic moment is determined by measuring frequency of 
resonance and applying the relation 

. £1L . (6) 

u I h 


It is seen that an accurate determination of fj. depends on an accurate 
knowledge of the value of H, the constant magnetic field. Sinoe the value 
of jui for many different nuclei has been accurately determined, Blooh 
suggested that this method oould be reversed and used to determine values 
of unknown static magnetic field. 

d. Free Nuolear Preoession 

Techniques of magnetic resonanoe and nuclear induction have been used 
for precision measurements of fields of 25 gauss and higher. An entirely 
new conoept, free nuclear precession, made it possible to extend field 
strength measurements down to the order of the earth's magnetic field, 

0.5 gau'Ss (50,000 gamma) and measure them to an acouracy of 0ol gamma. 

Free nuolear preoession was first demonstrated in 1954 by Russell 
Varian, Martin Packard and Lt. Chas. Bowen, 0SN o It utilizes the methods 
of nuclear induction but uses a fundamentally different way of producing 

13 
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coherent preoession of the magnetic moment about the ma^etio field whioh 
is being measured* In the magnetio resonance method* oo&erent preoession 
is obtained by impressing an r.f. magnetio field perpendioular to the 
measured field* This oauses the maorosoopio moment* M * to tend to orient 
perpendicular to the measured field (i*e»* parallel to the r*f. field)* 
When the frequenoy of this r*f* field is near the Larmor frequenoy, *£/s ^IpH 
the magnetio moment, M , is tipped from its original direotion and pre- 
oesses about the measured field, thereby induoing a measurable voltage in 
the reoeiving ooil. 

However, in the free nuclear preoession soheme, M is lined up perpen¬ 
dicular to the field being measured* i*e*, the earth's magnetio field* 

This is accomplished by plaoing it in a strong d*o* polarising field 
oriented perpendioular to the earth's field. The polarising field is then 
suddenly turned off, leaving 5 perpendioular to S e , the earth's magnetio 
field* The foroe of acting on M oauses M to preoesa about the direotion 
of H e at the Larmor frequenoy given byT/ 5 ^p H e . The processing moment 
will induce a voltage in a ooil oriented with its axis perpendioular to 
the direotion of H e and the frequenoy of this voltage oan be measured to 
determine the magnitude of H e * Figure 5 shows the orientation of U 
during polarisation and during free preoession* The ooil need not be 
exactly!perpendioular to the earth's field, but that orientation will 
give the maximum signal. Any varying oomponent of M which is parallel 
to the ooil axis will induce a voltage* The induced voltage is maximum 
when the ooil is perpendioular to the earth's field* 

The voltage induoed in the piok-up ooil by the processing moment is 
given by the relation* 


tat 
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V S-MAO^Hp OL>sin tft x 1(T 8 volts (13) 

■where N - number of receiver ooil turns 
A s cross seotional area of sample 
■ susceptibility of water sample 
s 3.4 x i<r 10 

Hp 8 polarising field in gauss 
& = Yp H e s 2.7 x 10 4 H 9 

This expression for the induced voltage is derived as follows! 


T* N ^ 

at 

f S A M oos wt where M = \u p 

<P = A X, H p cos wt 

d4 s .wA\h p sin wt 
at r 

» jJ^AXHp u> sin wt 


Abvolts 


dt 

V *-N A\H p s$i sin wt x 10-8 volte 

e. Transverse Relaxation Time 

The accuracy of the field measurement is dependent upon how long 
the induoed signal of the free preoesaion is present for measurement. This 
signal does not remain indefinitely, but decays in a given time. Tj . (T^, 
the relaxation time is the time constant with which fi exponentially 
approaches its final value after the polarising field is turned an. T^ is 
of the same order of magnitude as T 2 and is always equal to or greater than 
T 2 ). The signal decays approximately exponentially with the time con¬ 
stant T 2 beoause of phase incoherence oaused by inhomogenities of the field 
aoross the sample. These are caused by looal fields from spin-spin 
coupling and spin-lattice couplings 

f. Effect of External Field Gradient on Relaxation Time 

The signal induoed in a ooil by free preoession of nuclei decays 
OOirFIB B ifT 16 Jl44j 
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approximately exponentially with time constant T 2 . This assumes that the 
external field aoross the sensing head is a homogeneous field suoh as the 
earth's magnetic field. However, if a gradient exists in the magnetio 
field aoross the sonple, the signal will deoay in a shorter time, T • An 
expression for this shortened deoay time, T 1st 


X . JL1 / 

m ■ m T 


(14) 


• 2 * 


See Appendix I 


where Tg* a 


%Ee 


(15) 


Y’p is the gyrcsnagnetio rato, 2.7 x 10^ (gauss-sec)”^ 

AH is the change in field, in gauss, aoross the sample. 

Combining equations (14) and (15) and solving for AH 

(^" l ) 

Sinoe Tg i8 a constant of the material used as the sample in the fensing 
head, a measurement of the deoay time, T, is suffioient to determine the 

^ >y 

change in field aoross the sample. This combined with a knowledge of thA ^ 
sample dimensions in the direction of the gradient gives the value of the 
gradient. (The direction of the gradient is inconsequential if a spheri¬ 
cal sample is used sinoe the dimensions of the sample are then the same 
in any direction.) 

The envelope of the signal from a sample in a gradient field is only 
approximately exponential as is shown in Appendix I. However, within 

i 

experimental aocuracy, the envelope may be oonsidered a pure exponential 
of time constant T when measuring T. 

It is seen that if the gradient of a magnetio field is to be deter¬ 
mined, it is not neoessary to measure the frequency of the free preoession 
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signalj only the time of deoay of the free precession signal has to be 
measured* 


g. Dipole Perturbation of the Barth's Magnetio Field 
A mine oase whioh is approximately oylindrioal in shape will possess 
induoed magnetism from the earth's field and will perturb the earth's 
field in a manner similar to a magnetio dipole* For this reason a know- 
ledge of the shape of the field around a dipole will give an idea of what 
shape field should be expeoted around a mine oase* In addition* the shape 
of the field around a dipole must be known sinoe* to olassify a mine* the 
characteristics in its field shape whioh differ from the field of a dipole 
must be detected* That is* if the mine is to be identified by its 
characteristic field shape* details of the aotual mine shape must oause 
a field pattern different from the oharaoteristio dipole pattern (whioh 
oould be expeoted from an object such as a steel barrel*) 

With the aid of Figure 6* the approximate shape of the field around 
an Induoed dipole may be obtained! 

-^ Magnetic No*t h 




(a) Magnetism induoed in a ferrous material (b) Magnified view of 

in the earth's magnetio field* induoed dipole in (a) 


Figure 6* A Heuristic Derivation of the Magnetic Field in the Vicinity 
of an Induoed Magnetio Dipole* 
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(o) Resultant total field H in the vicinity of induoed magnetio dipole. 


Figure 6. A Heuristio Derivation of the Magnetic Field in the Vioinity of 
an Induoed Magnetio Dipole. v 

If the shape of the field around a dipole is that shown in Figure 6 it o&a 
be visualized that, at a given height above the dipole, the gradient in 
the field is .higher at the ends of the dipole than in the center. There¬ 
fore, the gradient pattern in a plane above a mine would be expeoted to 
contain points of high gradient over the ends (when oriented in a North- 
South direotion) and lower gradients over the oenter. If this config¬ 
uration of the gradient field is plotted, it would appear as in Figure 7. 
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Figure 7. A Plot of the Expeoted Magnetio Gradients in a Plane 
Above an Induoed Magnetio Dipole. 
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A development by Rempel^ shows that the shape of the field obtained 
heuristioally in Figure 6 is a good approximation of the oorrect shape* 
His derivation of expressions for the field above an induoed dipole are 
contained in Appendix IIo 



^R* C* Rempel, Dipole Perturbation of the Earth's Magnetio Field, 
Varian Associates Technical Memorandum, TM0-2S* 
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Ab was stated in the introduction, the purpose of this thesis is to 
obtain data and interpret it in order to determine the feasibility of 
classifying mines by means of a nuclear magnetic resonanoe (NMR) device* 

The data required for this purpose is the value of the gradient of the 
earth's magnetic field at points in a plane just above a mine ease* With 
a plot of this data, a map of oonstant gradient lines can be drawn. Also 
a mosaic plot to simulate the gradient field information as it would be 
displayed on a CRO may be made. These two plots will then serve as the 
basis of determining the feasibility of a system utilizing NMR classifi¬ 
cation* If the two plots resemble the mine oase in shape or at least if 
they differ significantly from the plot obtained if a simple magnetio 
dipole were substituted for the mine oase, then the proposed system will 
be considered feasible. If the plot is not different enough from a plot 
of the dipole to add any information to that available by sonar, the 
proposed system will be considered impracticable* 

At a large distanoe from the mine oase, little effect on the earth's 
field can be detected* A greater perturbation of the field will be 
observed closer to the mine, and to obtain a plot that shows any detail 
of the shape of the mine, it will probably be neoessary to get very close 
to the mine, a distanoe comparable to the diameter of the mine* In an 
attempt to obtain this detail, gradients were measured in a plane twenty- 
four inches above the top surface of the mine as it lay flat on the ground. 
To obtain these measurements, the free precession signal was observed on 
an osoillosoope and a photograph taken of the signal* The value of the 
decay time was measured directly from the photograph by measuring the 
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time required for the signal to decay to — times its initial value* 

M A major problem associated with the experiment was the design and con¬ 
struction of a sensing head that would produoe a signal as dose to a 
large metal objeot as 24”* . Preliminary to the design of this sensing head, 
measurements of the magnitude of the field around the mine were made with 
a Varian Portable Magnetometer, M-49, for the purpose of determining what 
value of gradients to expeot* With the sensing head, Whioh contained a 
water sample 4" long and 1 3/4" in diameter, all signals disappeared within 
40 n from the mine and no reliable reading could be obtained within 60" of 
the mine* The signal disappears dose to the mine beeause the ohange in 
field aoross the sample is so large that the deoay time is too short to 
deteot a signal* Therefore the sensing head must be made smaller so that 
the ohange of magnetic field across it is not so large* A smaller coil 

for the sensing head, however, introduces the following problems whioh 

#■ 

must be overcome* 

1* For the same polarising current, a small ooil produces 
a smaller polarising field and therefore a mailer signal 
is available* To obtain the same value of polarising 
field, a larger mount of power must be dissipated by 
the ooil* 

S 

2* A mailer ooil and sample will oause a reduction in — 

N 

ratio over that of a large ooil and ample* 

3* A mailer ample in the ooil will be able to produoe 

■'•F. Blooh, Nuolear Induction Fhys. Rev. 70 (October 1946) 





22 



jMRimsm —' 



less signal than a larger sample beoause of the 
difference in the number of spins contributing to 
the signal* 

To design and build a soil oapable of giving a useful signal as close 
as 24" to a large metal object, was, then, the first step toward obtaining 
the data necessary for this study, 
a* Coil Design 

The selection of parameters of the ooil used for a sensing head 

involves a compromise between those whioh give a relaxation time, T, that 

s 

oan be read fairly accurately, and those which provide a praotioable — 

ratio* In general the problem is thist a small ooil is desired for a T 

long enough to read since in any magnetio gradient field ■where AH 

is the change of H aoross the sample* A large sample means a large A H 

and therefore a small T* On the other hand a large ooil is desired for a 

s 

large The voltage induced in the ooil by precession of nuolear 
N 

moments varies as the size of the ooil, and this induced voltage must be 

large enough to override the various noise souroes in the oirouit* 

Since large gradients are to be measured, the ooil must of necessity 

be small* Calculations must be made, then, to determine just how small 

a ooil may be used before & becomes too snail to be practicable* 

N 

b* Effeot of Coil Size on fr Ratio 

H 



Figure 8* Input Circuit and Preamplifier 
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In the oirouit used for this experiment (Figure 8) the preoessing 
nuolear magnetic moment induoes in the sensing ooil, a voltage which is 
initially of the form • The ^ ratio of the oirouit oan be found 

as follows * 

S- at amplifier output s £L at amplifier input x » 

N N NF 


sinoe the noise figure of the amplifier is defined as 


gj 

_ — available at input 

NFS —fi--- 

-2* available at output 


The ^ available at the input is oaloulated as follows* 

n J 

Q t Vo £. 

c, 



e - -_j=j— e* 

* C*+Cz 

= — Q^oC 
c t + C,. 

- v 2 c j0t 


jut 


— 2 

Vp b mean square noise voltage in series with 

—2 

V 0 - mean square noise voltage aoross Cg oombination 
“’* 9 

V ft s mean square noise voltage aoross input to amplifier 
C, 

:4k TBRs —4 t~“ ; 4 k TB (800) sinoe the input oirouit is 

°1 T c 2 

designed so the smplifier sees 800-A-looking into C 2 * 

Vg s peak signal voltage aoross input to smplifier. 
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Then available at input - yr- 

N Pnj 


f signal power 


UHCLASSfFl 


noise power (due to Johnson 
noise) 


ivj' 


p s = '-r G(fo) G(f 0 ) a amplifier power gain at mid-frequenoy 

s Rx 6 $o) r 2 * resistance looking into 800 ~^) 

and ^hj r Bandwidth of Johnson noise in o*p«s* whioh is taken to be 
x the 3 db bandwidth of the input oircuit* 


| Vx 


C, Q, V, 


C i + Ci 

h - (&tS VS 


and R^ 800 sl by aes» 3 n 

Vo^ 


(&£lL 


^ 2* i\ WTUnj (^00) SkTBnj QOO (C,+ Cz) % 


N 


V c 


OUT OP T«e 
iAMpuF*ER 


8 k T 5^ 


I 


Qoo 


(£i±SzV 
V 0 ,c» 1 


MF 


V© 5 voltage induced in pick-up ooil by preoessing nuolear 
moments 

Qj a Q of the piok-up ooil 
NF - noise figure of amplifier 

and C 2 in series is the proper value of oapaoitanoe to 
resonate the piok-up ooil* 
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The expression for V p was derived by Rempelt 

V 0 s 5.67 x 10-8 I ( -Jgg ) volts 

• Induotanoe of the piok-up ooil in millihenrys 

I s Polarizing ourrent in L, in amps 

® Filling faotor of the piok-up ooil and is defined by 
sampled ^ sin** 0 dv 1 


Hj** dv 

i 

The field at any point oaused by the flow of unit 
polarizing ourrent in the ooil 

Angle between Hf and the direction of earth's magnetio 

♦ 

field. 


This filling faotor is introduoed to aocount for the faot that all 
lines of flux do not out all the turns of the ooil. Therefore, sane of the 
flux oreated by the preoessing magnetio moments does not contribute to the 
voltage induced in the piok-up ooil. (For the configuration of ooils used 
in magnetometers, the value of 'T'j is about 0.3 or 0o4). 

By applying certain "practical" constraints equation (l) may be 
plotted as versus foil site. Then it will be visibly evident just how 

all the ooil may be made before ^ drops below a reasonable level. These 

H 

"practical" constraints were set as follows* The sample used in the ooil 
should be spherical in shape so that at any given position in a gradient 
field, the value of H across the sample will not vary with orientation 
of the sample. Therefore the ooil length and inside diameter will be 
equal if the sample is to just fit into the oore of the poll. For a 
given sample diameter, the ooil length and inside diameter are detemlned 


^R. C. Rompel, Magnetometer Signal-to-Noiae Ratio, Varian Associates 
Technical Memorandum TMO-23 




gommsw g’TAT- 


U 




into. k ccfi: r 


but the outside diameter is not limited* The outside diameter should be 
large enough that sufficient turns can be put on the ooil to give a large 
value of L^» because the induoed voltage from thb' processing protons 
increase direotly as L^s however* if the outside diameter is very large* 
the large number of turns will present a significant resistance to the 
polarizing current so that a large amount of power will have to be dissi¬ 
pated to polarize the sample* and in addition* the filling factor will be 
decreased* The limit of power to be put into the ooil was ohosen to be 
one hundred watts* (found from experience to be a practical upper limit*) 
In order to obtain a more valid and meaningful comparison from Coil 


to ooil* the same amount of power should be put into eaoh ooil and the 

same amount of polarizing current used in each ooil* 

Since R , £2S|£ it is evident that this oan be achieved only by 
I z 

maintaining the same resistance from coil to ooil* or what is equivalent* 
the same size wire and a constant volume of copper in the winding from 
ooil to coilo With the inside diameter constrained to be the same dimen¬ 
sion as the length of the ooil* and the volume of copper constrained to 

o 

be oonstant* the ooil oan be ohanged only by varying the ratio — (that 

d 

g 

is* ooil length divided by outside diameter*) So* when ~ is plotted 
versus coil size* what will be meant by ooil size is the ratio ^* 
Plotting of equation (3) oould be carried through for any size wire 
(provided wire size ronalnB unchanged throughout the oaloulations) and 
the same shape of ourve would be obtained* 

For a oonstant oopper volume and oonstant power input to the ooil* 

S P, 

the variation of — with ohange in -r is shown in Figure 9* 

H « 

The points oaloulated for Figure 9 do not fall exaotly on a smooth 
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curve beoause the oopper volume varied slightly from coil to ooil. The 
reason for this Is that for the calculations, a wire site was assumed and 
then, in order to aooommodate the exaot number of turns necessary for a 

l 

given “ ratio, the oopper volume was allowed to deviate slightly from a 
d 

oonstant value* 

g 

Since the largest available is desired, this plot shows that the 

N 

ooil should be wound such that the ratio of its length to its outside 
dimeter is approximately 0*7* 


It should be noted at this point that the. only noise which has been 
treated is the Johnson noise in the input oirouit and all the noise arising 
from presenoe of the amplifier* A major souroe of noise whioh had to be 
negleoted in the treatment so far, because of its widely varying oharaoter, 
was external pick-up in the sensing ooil* The noises picked up by the 
ooil result from fields oreated by rotating machinery, power lines, and 
other eleotronio apparatus operating in the same vioinity* These external 
noises greatly exoeed the amplifier noise and input-oirouit Johnson noise* 
They are oounteraoted by a Faraday shield and-noise cancelling ooil* 

(The use of a shield and noise oanoelling ooil will be elaborated on in 

g 

the next sub-section*) This study of variation with ooil size, 

however, was neoessary to insure that onoe the external pick-up noises 

were oounteraoted, the ooil would be of the proper shape and size to 

provide a useable 4* o 

N 

Experience has shown that a deoay time, T, oannot be read if it is 
less than *015 seconds* The reason for this is that a transient ringing 
ooours when the ooil is switohed from "polarize"to "read," and the 
preoesslon signal oannot be seen until the transient is danped out* 
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A praotioal switohing and damping oircuit requires long enough to damp out 
the transient that signals of shorter decay time than *015 seoonds cannot 
be seen to be measured. As shown in Seotion 2, 

Mif (*f -1) A 

IP T T2 

so if a plain water sample is used for which T s 2.8 seoonds and - 
2.7 x 10^ (gauss-seo)"^ , the value T - .015 seconds corresponds to 
AH — 500 gamma. Preliminary measurements of field magnitude made with 
a standard portable magnetometer were plotted and indioated a maximum 
gradient of approximately one hundred gamma/inoh at 40" from the mine case 
The plot was extrapolated to a distanoe of 24 n from the mine and a value 
of approximately 350 to 400 gamma per inch was obtained. So if the 
sensing head being designed must measure 400 gamma/inoh the sample should 
not exceed I 4 " in diameter. 

For a given oopper volume in a coil whioh is constrained to oarry a 
spherical sample in the oore, the filling factor goes down as the dia¬ 
meter of the sample is reduoed. If the filling factor is reduced too far 
by making the sample small in size, the ooil may be ineffective in picking 
up a preoession signal whioh would ordinarily be strong enough to be 
deteoted. The filling faotor has previously been defined as 1 




Z sampled 2 * ln2e dv 

H r 2 dv 


Where Hr is the H field inside the ooil from unit ourrent flowing in the 
ooil, and 6 is the angle between the earth’s field and the polarizing 
field. To oarry through the integration would be a oumbersome task. 
Packard has derived the following approximate formula for the filling 
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on : ± £J»5B&« „,-a.— 

( 3 r z ooil yd z coil «/ z ooil 

If sample diameter is equal to ooil length, this reduoes to 

"l : "3 sfeu i waii’id ' 

•where d ■ mean ooil diameter 

In order to detemine how small the sample size oould be reduced before 
the filling faotor limitation made further reduotion impractical, equation 
(3) was plotted, holding copper volume constant* The value of the oopper 

volume ohosen was that for a ooil of length 1" and outside diameter 1.44" 

o 

(i.e., — *0*7)* The resulting plot, (Figure 10) shows that a sample 
d 

diameter of 1" might be ohosen as a lower limit* 

Combining the consideration of jj» patio, filling faotor,^ , and 
decay time, T, the size of the ooil capable of operating in a gradient 
field of 500 gamma/inch or less is obtained* From consideration of ^, 
it should be 1" or greater in inside diameter* From considerations T, 
it should be if* or less in inside dimeter* From considerations of - 2 . 

L N 

it should be proportioned in the ratio ~ - 0*7* Since it will oontain 

d 

a spherical ample, the length should equal the inside dimeter* So a 
ooil as shown in Figure 11 was ohosen to be constructed for the experiment* 


ol — 


t 

l 

1 


1= l-s“ 

d= 2.(S' 


Figure 11* The Sensing Coil 


Paokard "Method of Nuolear Induction"i Thesis, Stanford 
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Although the inside diameter of the ooil was l^ n 9 the sample was contained 
in a glass approximately l/8" in thiokness, so the diameter of the sample 
was lip*. 

It oan be seen from the foregoing oaloulations that the ooil size 
ohosen is not the absolute minimum that would work. Sknaller ooils should 
be capable of producing a signal due to nuolear induction, but this size 
ooil appears from the oaloulations to offer an optimum for the conditions 
under ahioh it must operate* 

The size of wire with ahioh to wind the ooil was ohosen to give 
practical values of current and inductance. The Varian Station Magneto¬ 
meter operates on 6 amps polarizing current. If this smaller ooil is wound 
using number 20 oopper wire, the d. o. resistance would be about 2.5 ohms 
so that with a 12 volt storage battery used as the polarizing source, a 
current of slightly under 5 amps would flow in the ooil* The storage 
battery is oapable of providing this amount of current for a reasonable 
period of time. Although the single ooil with its sample constitute the 
whole sensing head, an additional ooil is added. This is a noise can¬ 
celling ooil to aid in reducing the noise piok-up when working in the 
presence of a number of operating electronic devices and electrical 
machinery. Both ooils are further surrounded by a Faraday shield. The 
noise cancelling ooil is identioal with the sensing ooil. It is plaoed 
beside the sensing ooil with the axis of the two parallel and oonneoted 
in series auoh that an external field will induoe currents in eaoh ooil 
whioh flow in opposite directions and therefore oanoel. Besides the added 
size of the sensing head when a noise ocuioelling ooil it employed, twioe 
as muoh power must be supplied, beoause both ooils must be polarised. 




mamL. 

This is no problem, though, if the power is available* Instead of one 
12 volt battery, two were used as the polarising source. 

The eleotrioal oharaoterietios of the finished double ooil werei 
Li 8 1*2 • 6*91 Mh 
Ll ^1*2 ■/ ZM = 14.6 Uh 
Rdo 8 4.7 ohms 
Q 842.6 

(It should be noted that although the two ooils are oanneoted in series 
opposing so far as external fields are oonoemed, they are in series 
aiding with respeot to the field produoed by the opposite ooil, and so 
the total induotanoe is the sum of the separate induotanoes plus two 
times the mutual induotanoe.) 

The water sample was placed into one of the coils in a spherical glass 
bulb. A sample could be plaoed in both ooils and the output voltage would 
be doubled. However the characteristic exponential envelope of the output 
would be observed only if the two ooils were in the same value of mag¬ 
netic field. If they were not, the frequency of the voltage induced in 
each would be different, and the resultant output would have an envelope 
containing beats at the difference frequency. Sinoe the time constant 
of the deoay of suoh a signal would be difficult to measure, a sample was 
used in only one coil. 

o. The Experimental System 

The system that was set up for taking the data to produoe a plot 
of the gradients around the mine is Shown in Figure 12. 

* An explanation of the various elements of the system is given 



below. 
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(1) Preamplifier 
the premnplifier is a three stage transistorised audio 

amplifier* The only reason transistors were used was that 
eventually* in the final package* the preamplifier would 
have to be located right with the sensing head* This would 
be neoessary because of the attenuation in the length of 
oable between the sensing element and the ship* The 3 db 
bandwidth of the preamplifier is 4137 o.p*s* (from 363 
o.p.s. to 4600 o.p.s*)* It was made fairly broad band 
to handle the eventuality of fields muoh different from 
60*000 gamma as the result of large gradients. However, 
this bandwidth was later found unnecessary and so a narrow 
bandpass filter was added after the third stage to reduee 
noise* and the input was tuned to enhanoe the input signal* 
The measured oharaoteristios of the preamplifier are 
as followsi 

Gain * 86 db (without input tuning) 

Gain »112 db (with tuning) 

Bandwidth ■ 4137 o*p*s* (363 to 4600) 

Noise Figure • 8*43 db 

A oirouit diagram of the preamplifier is shown in Figure 13* 

(2) Timing and Matching Network 

Since the value of magnetic field around the mine did not 
vary enough to require a wide bandwidth system* the input 
signal to the preamplifier oould be increased by tuning the 
pick-up coil to approximately 2180 o.p*s. (the frequency 
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corresponding to a field of gauss*) This sorted to 
increase the S ratio of the system* When a capacitor was 
plaoed in parallel with the sensing ooil to tune it, the 
impedance looking into the combination did not match 
the preamplifier input impedance of approximately 800 ohms* 

The lmpedanoe match was accomplished by a oapaeitor divider 
arrangementt 



C 0 s *36 jUf 



• 1.4 


Cg g 1*18 jbtf 
C 1 S 0*52 jUf 

The series combination of and Og is the oapaoitanoe neoessary 
to resonate the ooil at 2180 o.p.s. Cg is of such a value 
that looking baok into the L»G combination aoross Cg to ground, 
the amplifier sees 800 ohms impedance* 
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(3) Relay and Damping Circuit 

Sinoe the ante ooil is used to piok up the nuclear 
preoeasion aignal and to polarise the sample* a twitch¬ 
ing arrangement muat be provided to switoh the ooil 
between the polarising source and the preamplifier* This 
problem is slightly complicated by the fact that the ooil 
oannot be connected instantaneously to the preamplifier 
once the polarising voltage is disconnected* The polaris¬ 
ing current that continues to flow in the ooil is of 
sufficient magnitude that it would teage the transistors 
of the preamplifier* and ao a delay muat be provided 
between the time the ooil 4* disconnected from the 
polarising aouroe and the time it ia connected to the 
preamplifier* During this delay* the ourrent remaining 
in the ooil must be damped out* It ia desirable to out the 
ourrent off aa quiokly as possible or protons whioh were 
lined up with the polarizing field will preoesa about the 
deoaying field at .various frequencies corresponding to the 
values assumed by this decaying field rather than process¬ 
ing about the earth's magnetic field at a single frequency 
and in a coherent manner* 

To aooomplish the desired effeot* two switohes are used* 

The first disconnects the polarising voltage from the ooil 
permitting the ourrent to flow into a damping circuit* 

After the ourrent has been damped to a sufficiently low 
value* a seoond switoh disconnects the ooil from the damping 
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circuit said oonneots it to the preamplifier* 

A oirouit diagram of the switching relay and damping system 
is shown in Figure 14. 

d* Collecting the Data for Gradient Pattern With Mine Oriented 
North-South 

To measure the gradients in the earth’s field in a plane 24" above 
the upper surface of the mine* the setup shorn in Figure 15 was used* 

The mine was plaoed in an open spaoe out-of-doors away from any 
other metal objeots that might affeot the gradient in the earth’s field 
significantly. Then the ooll was moved to various positions on the stand 
ever the mine* and at each position a picture was taken of the waveform 
cot the CRO resulting from the proton precession signal. Two examples of such 
pictures are shown in Figure 1 on page 3* The time of decay of the signal 
was measured on the photograph, and this time converted to the'gradient in 
gamma/inch* A plot of the gradients measured in a plane 24" above the mine 
oase is shown in Figure 16* 

From the plot of Figure 16* a simulated display was made as the 
mine would be viewed on an oseilloeoopeo This display was oonstruoted as 
though a number of measurements were taken simultaneously by a matrix of 
sensing heads towed across the mine 24 tt above it* and a spot appeared on 
the soope for each sensing head* If the intensity of each spot were pro¬ 
portional to the gradient at the point it represents* the presentation 
seen in Figure 17 would be obtained* 

e* Gradient Pattern With Mine Oriented East-West. 

The plot of the gradient field above the mine with it oriented 
in a North-South direction turned cut to be approximately what was expected 

and contained several characteristics that could certainly identify it* 
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Figure IS Mk.25~ Mod 1 Mine Case 

uuiih Gradient Measuring Coil in 
Position for Measurement . 
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The next step in the experiment was to orient the mine east-west and 
repeat the measurements to detemine if an entirely different pattern is 
obtained* If the pattern obtained with the east-west orientation is 
signifioantly different frcm that obtained with a north-south orientation* 
this method of identifying mines will not prove practicable* 

Before taking measurements on the mine in an east-west orientation, 
it would be profitable to try to detemine what sort of a pattern to 
expeot* In the first place* the induced magnetism should be expected to 
give an effeot the same as that shown in Figure 6 (i.e*, there should be 
higher gradients at the north and south sides of the mine oase and lower 
gradients between)* However* since the distance across the mine in the 
direction of the earth's magnetio field is less in the east-west orienta¬ 
tion than in the north-south orientation the effeot might be expeoted to 
be less. (This actually turns out to be the oasej the value of gradients 
measured for the east-west orientation are about one-half the value of the 
corresponding measurements in the north-south orientation*) 

Seoondly* if there is any permanent magnetism in the mine oase it 
should be expeoted to appear as a certain oharaoteristio in the plot of 
the gradient field* and this oharaoteristio should be present both in the 
north-south orientation plot and the east-west orientation plot* For 
this reason* we should expeot the east-west plot to beau* at least some 
resemblance to the north-south plot* 

Our oonoluBions* then* are that the east-west plot should be similar 
in shape to the north-south plot but the gradient values less than in the 
north-south plot* Figure 18 is a plot of the gradient field for tbe mine 
oase oriented in an east-west direction* It is 
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(but distorted) pattern, this similarity is presumably due to the perma¬ 
nent magnetism of the mine oase, and it is seen that the gradient values 
are approximately half the value of the corresponding gradients in the 
north-south orientation pattern* 

When the gradients were measured in the east-west orientation, an 
experiment was oonduoted to find if a still smaller ooil oould be used* 

A new ooil was wound which was half the size of the ooil used for measure¬ 
ments in the north-south orientation; that is, the inside diameter was 3/4" 
and the total induotanoe of the sensing ooil and noise oanoelling ooil in 
series was 7*1 Mh* The following modification to the input oirouit was 
madet 


# 

> " 



Figure 19* Modified Input Circuit 

The polarizing source was increased to 30 volts to provide a polariz¬ 
ing ourrent of 8 amps, and the sample was polarized a seoond or two longer 
for each reading to obtain a useable magnitude of output signal* The 
volume of the sample had been reduced by a factor of four in this smaller 

ooil so these steps were necessary to align enough nuclear moments in the 

\ 

direction of the polarizing field to get a useable signal* Figure 20 b 
shews a photograph of the 3/4" ooil, along with the one used for north- 
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(c) Station Magnetometer Coil 

Figure 20 Photographs of Coils Used For 
Gradient Measurements and Station Magneto¬ 
meter Coil 9 Shotumo Relative Sues. 
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south measurements. Figure 20 a.and a station magnetometer ooil, 

/ 

Figure 20 o for size oomparison 

The smaller 3/4" ooil did not exhibit any advantages over the l^ w 
ooil* It should have been oapable of readings oloser to the mine, but 
for unexplainable reasons would not produce a signal any oloser than the 
li* ooil* The 3/4” ooil had the major disadvantage of heating* The 
transverse relaxation time, Tg, of any particular substance increases 
with temperature, and so oare had to be exeroised that readings were 
taken at about the same temperature and the Tg of the sample had to be 
measured at the operating temperature* It was oonoluded that the 1^" 
ooil is the more nearly optimum size of the two ooils* 
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The relatively small amount of data obtained in this experiment 
limits the oonolusions which oan be reached* Only one mine was tested 
and it gave a pattern whioh* if seen again* might be very easily identi¬ 
fied as a iflc .25 type mine case* It should not be oonoluded from this 
that the field gradient pattern soheme for identifying mines will work 
in all oases* For one thing* it is not known what difference in pattern 
would be obtained if there were no permanent magnetism in the mine oase 
or if the peraanent magnetism in another Mk ,25 type mine oase oould 
differ enough to give an entirely different pattern. 

However* the results of this experiment oan lead to some positive 
oonolusions regarding the olassifioation of mines by a system utilising 
the. field gradient pattern soheme. The faot that the one mine tested did 
have an identifying signature is promising enough to make further in¬ 
vestigation seem profitable. Then* what may prove more Important* the 
experiment shows that even if a given class of mines does not always yield 
the same pattern* a fairly good estimate of two of the dimensions of the 
mine oan be obtained. In the two plots obtained* if the Contour is 
arbitrarily ohosen whose value is l/3 the maximum gradient measured (say 
200 gamma/inoh for the north-south plot and 50 gammas per inoh for the 
east-west plot) it shows the mine to be 80" x 40" and 75" x 32" 
respectively as compared with the aotual dimensions 80" x 22". Even 
though this gives distorted dimensions* it oompares favorably with a 
high resolution sonar. 

Sinoe the dimensions of the mine oannot be obtained this aoourately 
by presently available sonar* it oan be oonoluded that the gradient 
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pattern method provides additional information over that available from 
sonar. These dimensions are, of course, information that would help 
identify a oontaot as mine or non-mine. 

The conclusions that may be reaohed as a result of the foregoing 
experimentation are, then, as follows* 

1. The method of mine classification by the magnetic 
field gradient pattern soheme appears promising beoause it 
presents more information than is now available from sonar. 

2. There is not enough information available to tell 
whether a given olass of mine has a characteristic signature, 
but it appears possible to at least measure the size of the 
mine in two dimensions to a fair degree of aoouraoy. 
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APPENDIX I 

Derivation of an expression for the voltage induced in a coil by 
nuclear induction from spins in a spherical sample whioh is in a magnetic 
field of constant gradient. 



t 

nunrs D®** of 
nuclear rm ^ - 
net so 



Figure 1-1 Distribution of spins subjected to magnetic field. 

Each nuclear moment, as it precesses about the direction of the 

<J u>t 

Garth’s magnetic field induces a voltage of the form £ in a properly 

oriented piok-up coil. If the number of spins subjected to a value of 
magnetic field (or the value of OJ corresponding to that field f-j , since 
U>= YpH) is as shown in Figure 1-1, the voltage induoed by the moments 
between Uj andtO+aU)ia proportional to m£.co) £ a u), assuming all the 
spins to be processing in phase. The total induced voltage from all the 
spins in a sample is ^ 

f {t\- J m Cu.y) C 

Assume that the gradient of the field across the sample is such that 
the number of spins subjected to a given field assumes a Lorentzian 
distribution; 
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(For the case of a constant field gradient across a spheric 
this is a good approximation. This fact, coupled with the fact that the 
use of the Lorentzian distribution leads to an exponential expression and 
so, in this case, simplifies the mathematics, seems sufficient justifies' 
tion for its use.) 


The total induced voltage would then be 


oO 




M L 


Jt O' 
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Define 


, + ( WrW ^( r*An) 


z d id 


(i) 


Then 


{u ) 0 " ^ ~ Au) 

U J ~ o — /\(jJ 


c \ ul > - cl 


Substituting into (1) 



( 2 ) 
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Equation (3) is of the form 
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-j^ r°° 
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dv- ~ k 
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— trO 


In the imaginary half, the numerator is an odd function and the denomi¬ 
nator is an even function, so the result of the integration of the 
imaginary part from — to -+ oo wkll be zero. 
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From integral tables 
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This derivation does not take into account the natural decay time 
constant, due to the spin-spin and spin-lattice couplings in the 

sample. Because of the presence of these couplings, the induced voltage^ 
from a sample in a zero gradient field includes an attenuation term c 
where is a constant of the sample material. Therefore the expression 
for the voltage induced from a sample in a non-zero gradient field con¬ 


tains both the attenuation factor £ Tl and £ ^ . The induced voltage 

V, is proportional to 





where 
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= the natural decay time «£ the sample 


the decay time due to the presence of a field gradient 


Equation (2) may be rewritten in the form 

00 _ j faw)t 

£ 


J U)o t 

(,n\~ M 
f(t)- 

y yp AH/ 


'-<0 


Vp z 


-f (Alo) 


d(AwJ 


For an actual sample, the integration would not be taken over all 00 
but just over the limits of CO actually existing across the sample (say 
Cj,to U) x .) Therefore the expression for the voltage would take the 
f ® rms _ j t 

^ _ dl (a^) 


f(t) = 



oJ, K 


( vp&» y±{&u>y 


When expressed in this form, it is seen that the voltage induced by t^e 
nuclear spins in a sample located in a gradient field is proportional to 
the Fourier Transform of a function of the change of field across the 
sample. 
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APPENDIX II 


^classified 

Derivation of an expression for the magnetic field in a plane above 
an induoed magnetio dipole. 

A coordinate system is defined with z as the vertical direction, x. 
the direction of the horizontal component of the earth’s magnetic field, 
and y completing the righthand orthogonal system. The origin is taken aa 
the looation of the dipole. 



f 


The total field in the region well away from the material is 

H = He + Hd 

where I4ct is the field induoed by the dipole moment/vn • This field ie 

/yyi r z - 3r (•_ r ) 


M 4 ~ N/ |j' m * V J 


Let Hole** the component of M^j in the direction of |4e and be 

the component transverse to He • At distances such that Hd « He 

«/x 


T- 2- 

-4* Hdt 


H -IHi — ^(Re t Hde) 

H= He [l« ^ 
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_ 

/yy\ will be predominately in the direction of He I when it is aligned 
exaotly with He , 

Hrfc ~ T* ('- 5 ■ 

where c{ a angle between He end r • ( f points from the induoed dipole 

to the point where the field is being measured.) 

Sinoe He'T — M q ^ 

X CoS H sun 


U 


Cos <X — 


r 


Substituting (2) into (l) 
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If the dipole is passed over at a height V"\ while travelling in the 
north-south direction, = o and 

u, -=2L_7 ft- 3f- ^ i 

^ (x%0 5/i L L x 2 */. 1 JJ 

and the gradient in the direction of travel is 




w = i ^ + 




dx 


r ~ j*. (i<■•*'?) -y 

- 5" 4 f -xH Sin 2/3 + h Z Sin* ft \ 

\ ' xNh r / 

For the simple oase in which fi -D » if — - ] ■ £ is set equal to sero, 
it is found that the extremes of odour at ^y, = + K kwhioh agrees with 


the results obtained in Figure 6 



